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Abstract: Highly enantioselective [3+2] coupling of 3-sub-
stituted indoles with quinone monoimines promoted by a chiral
phosphoric acid has been reported. A large variety of
benzofuroindolines were prepared in moderate to good
yields (up to 98 %) with generally excellent enantioselectivities
(up to 99 % ee).

F used indolines are important building blocks for a large
number of natural products and phamarceuticals.!! Conse-
quently, diverse successful strategies have been developed to
construct fused indolines.) Among these transformations,
dearomative annulation of indoles is the most straightforward
method and has attracted much attention.”

The benzofuroindoline core is a unique motif found in
some important natural alkaloids,”® such as diazonamides™
and azonazinel” (Figure 1). Since diazonamide A has been
found to be a very potent anticancer agent owing to its high
antitumor activity (IC50 <5 nm),[*® it has received consid-
erable attention from chemists for the synthesis of these
benzofuroindoline skeletons.*™!

In 2012, Bisai etal.® reported Lewis acid catalyzed
Friedel-Crafts alkylations of 3-hydroxy-2-oxindoles, and it
provides access to benzofuroindolines in three steps. Soon
after, Vincent!® and co-workers reported FeCls-mediated
Friedel-Crafts hydroarylation of electrophilic N-acetyl
indoles with phenols to afford 3,3-disubstituted indolines,
followed by oxidation to yield the desired benzofuroindolines.
In addition, direct construction of benzofuroindolines by
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Figure 1. Representative benzofuroindoline natural products. Ac=ace-
tyl.

[3+42] coupling of 3-substituted indoles with quinone deriv-
atives were also demonstrated by several groups.”™ For an
example, in 2011, Chen and co-workers employed a Brgnsted
acid catalyzed direct [3+2]coupling of [(-carbolines with
ginones as a key strategy in the formal synthesis of
(4)-haplophytine.™ In 2003, MacMillan et al. described an
enantioselective synthesis of a benzofuroindoline by an
addition/cyclization cascade of 3-phenol-substituted indole
with acrolein promoted by a chiral imidazolinone catalyst.[!
Recently, we employed a Lewis acid to promote [342]
coupling of 3-substituted indoles with quinone monoacetals
and a quinone imine ketal through which various benzofur-
oindolines and tetrahydroindolo[2,3-b]indoles were prepared
in moderate to good yields.™ Meanwhile, we also attempted
an enantioselective variant using a chiral phosphoric acid as
a catalyst. However, only 33 % ee was obtained. To the best of
our knowledge, these are the only two examples of the
enantioselective construction of benzofuroindolines.

Quinones and quinone monoimines are excellent electro-
philes. In recent years, quinones and quinone monoimines
have attracted increasing attention in asymmetric reactions.”
In 2010, Jgrgensen et al. reported a highly enantioselective a-
arylation of aldehydes through nucleophilic addition of
aldehydes to quinones or quinone monoimines followed by
aromatization.’” In addition, asymmetric transformations
involving activation of quinones by chiral organocatalysts
were also demonstrated./”>!

Chiral phosphoric acids are versatile catalysts for many
asymmetric reactions.’! In particular, many efficient strat-
egies for asymmetric C3 functionalization of indoles and
functionalization of enamines (enamides) by phosphoric acids
have been well established.**¢+*% Herein we report a highly
enantioselective [3+2] coupling of 3-substituted indoles with
quinone monoimines promoted by a chiral phosphoric acid.
This reaction provides a large variety of benzofuroindolines
with moderate to high yields in generally excellent enantio-
selectivities.
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First, various chiral phosphoric acids were evaluated in  Table 2: Optimization of the reaction conditions.
the [3+42] coupling of 3-methyl indole (1a) with 4-methyl-N-

(4-oxocyclohexa-2,5-dienylidene)benzenesulfonamide  (2a) Ts
in toluene at 25°C. As can be seen in Table 1, the chiral Me |
phosphoric acid PAS8, which bears a 2,4,6-triisopropylphenyl ©\/% . PA8
group at the 3,3'-positions of binol, promoted the reaction ”
efficiently to provide the benzofuroindoline 3a in nearly ¢
quantitative yield with the highest ee value of 87 % (Table 1, 1a 2a
entry 8). Thus PAS8 was determined to be the optimal catalyst
and used in subsequent investigations. Entry®l  Solvent PA8 T ¢ Yie'{g °,
. . pe o o 0, 0/l
Next, the other reaction parameters were modified. When (xmol%)  [°C] T [%] %]
the temperature was lowered to 0°C, the reaction proceeded 1 toluene 10 RT 2 99 87
for Shours to afford the desired product with almost 2 toluene 10 0 5 99 89
3 CH,Cl, 10 0 5 98 93
4 Cl,CH,CH,Cl, 10 0 5 99 93
. L 5 THF 10 0 6 80 90
Table 1: Screen of the chiral phosphoric acids. 6 CH,CN 10 0 5 08 08
7 CH;CN 5 0 5 98 98
TS 8 CH,CN 2 0 7 90 87
Me ' (10Cn?ct:l %) [a] Unless otherwise specified, the reactions were carried out with
@E\g + - - K 0.20 mmol of 1a, 0.30 mmol of 2a, and PA8 in 2 mL of the solvent.
N toluene, 25 °C O [b] Yield of isolated product based on 1a. [c] Enantiomeric excess was
¢} determined by HPLC analysis on a chiral stationary phase.
1a 2a
R R quantitative yield and a slightly higher ee value (Table 2,
OO OO entry 2). Then several other solvents were screened at 0°C.
oro oo Reactions i hlorinated sol d yields as well
o "“oH o T NHTF eactions 1n t\fvo c OI:II'la%te solvents gavei good yields as we
O‘ OO as good enantioselectivities (Table 2, entries 3 and 4). Mean-
R R while THF delivered a lower yield, although the ee value is
PA1:R=H PA15: R = 2-pyrenyl good (Table 2, entry 5). To our delight, when acetonitrile was
PA2: R = B-naphthyl i i i
PA3: R = 9-anthryl PA16:R = usedj excellent yield and excellent ena.nt.loselect.lon were
PA4: R = 9-phenanthryl obtained (Table 2, entry 6). Hence acetonitrile was identified
PAS: R = SiPh; th t f ble solvent in th tion. M
PA6: R = 4-BUCGH, as the most favorable solvent in the reaction. Moreover,
PA7: R = 3,5-Me;CgHgy lowering the catalyst loading to 5 mol% did not affect the
PA8:R=24 6-IPI‘306H2 .
PA9: R = 4-CICgH, result (Table 2, entry7). However, further lowering the

PA10: R = 4-NO,CgH,
PA11: R = 2,4,6-F5CeH,
PA12: R = 2-thienyl

catalyst loading to 2mol% led to a decrease in both the
yield and ee value (Table 2, entry 8).
With the optimized reaction conditions in hand, the scope

Entry Cat* Solvent t[h] Yield [%]®! ee[%]?  of the reaction was investigated. In the presence of 5 mol % of
] PAT toluene 5 50 57 PAS, various 3-su'bst1tuted 1'nd01es 1) were subjected to the
2 PA2 toluene 2 73 17 [3+42] coupling with the quinone monoimines 2. The results
3 PA3 toluene 2 93 47 are summarized in Scheme 1. Generally, indoles bearing
4 PA4 toluene 6 50 13 various electron-donating and electron-withdrawing groups
5 PA5 toluene 24 90 67 on the benzene part are well tolerated in the reaction and
6 PA6 toluene 2 77 28 afforded the corresponding benzofuroindolines in moderate
/ PA7 toluene 12 65 . to good yields with high ee values, except for 3-phenyl indole
8 PA8 toluene 2 99 87 . o . . o

9 PAS toluene p 49 37 (1t), which exhibited lower enantioselection (80% ee). A
10 PAT0 toluene 43 56 5 better ee value (86% ee) was observed by employing
1 PA11 toluene 5 36 17 10 mol % of the catalyst PAS8. For some indoles with bulkier
12 PA12 toluene 12 43 21 substituents, lower yields were obtained even after a pro-
13 PA13 toluene 2 90 83 longed reaction time. When the quinone monoimine having
14 PA14 toluene 12 95 47 an ortho-methyl substituent was employed, no desired
15 PATS toluene 24 33 21 reaction was observed, perhaps because of the decreased
16 PA16 toluene 72 Al 23

electrophilicity of this quinone monoimine. We also tried to
[a] Unless otherwise specified, the reactions were carried out with prepare quinone monoimines with electron-withdrawing
0.20 mmol of Ta, 0.30 mmol of 2a, and 0.02 mmol of the chiral groups such as a chloro group in the ortho/meta position.
phosphoric acid in 2 mL of toluene at room temperature. [b] Yield of . . .

; ; ) A However, we failed to synthesize these substrates. Finally, we
isolated product based on 1a. [c] Enantiomeric excess was determined .

by HPLC analysis on a chiral stationary phase. Ts =4-toluenesulfonyl, tried to replace N-Ts by N-Boc and N-CBz. However, these

Tf=trifluoromethanesulfonyl. quinone monoimines are very unstable and decomposed
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PA8
(5 mol%)

CH4CN, 0°C

5h, 98% yield, 98% ee  5h, 95% vyield, 98% ee 5h, 82% yield, 91% ee  5h, 88% vyield, 99% ee  5h, 81% yield, 96% ee

Ts

0
H

N
H

3f

3
5h, 84% yield, 98% ee 5h, 85% yield, 99% ee  5h, 90% yield, 99% ee 5h, 89% yield, 97% ee 5h, 94% yield, 99% ee

30
5h, 88% yield, 99% ee  5h, 90% yield, 95% ee 5h, 90% yield, 97% ee  5h, 89% yield, 97% ee  12h, 60% vyield, 96% ee

Ts
HN

o)
H

N

H
3r 3s 3t

24h, 85% yield, 96% ee 24h, 62% vyield, 97% ee  12h, 79% yield, 96% ee

12h, 80% vyield, 96% ee 72h, 67% yield, 80% ee

72h,75% yield, 86% eel®

s
HN

Me,
~0
N H
3u 3y
12h, 63% yield, 91% ee 12h, 54% vyield, 97% ee  12h, 65% yield, 93% ee 12h, 54% vyield, 97% ee 72h, 0% yield

Scheme 1. Substrate scope. Reaction conditions: Unless otherwise specified, the reactions were carried out with 0.20 mmol of 1, 0.30 mmol of 2,
and 0.01 mmol of PA8 in 2 mL of acetonitrile at 0°C. Yields shown are of the isolated products and based on 1. Enantiomeric excesses were
determined by HPLC analysis on a chiral stationary phase. [a] 10 mol % of PA8 was employed. TBS =tert-butyldimethylsilyl.
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quickly. Hence, it can be concluded that the scope of indoles
was very good, but the scope of quinone monoimines was
rather poor.

The absolute configuration of the benzofuroindoline 3b
was determined to be 2R,3S by an X-ray crystal structural
analysis'”! (see the Supporting Information). Consequently,
all of the other benzofuroindolines can be assigned absolute
configurations by analogy.

Based on the absolute configuration of the product 3b,
a plausible reaction mechanism is proposed. As outlined in
Scheme 2, first, the bifunctional phosphoric acid activated
both the indole and quinone monoimine. 3-Methylindole
attacked the quinone monoimine to give the intermediate
(35)-A which underwent aromatization immediately to give
the phenol intermediate (35)-B. Finally, spontaneous cycliza-
tion generated (2R,35)-3b.

iPr

(2R, 35)-3b

Scheme 2. Plausible reaction mechanism.

In conclusion, we have developed a highly enantioselec-
tive [342] coupling of 3-substituted indoles with quinone
monoimines promoted by a chiral phosphoric acid. Through
this transformation, a wide variety of benzofuroindolines
were synthesized with moderate to good yields in moderate to
excellent enantioselectivities. The absolute configuration of
one product was determined as 2R,3S by an X-ray crystal
structural analysis. Accordingly a plausible reaction mecha-
nism was proposed.

Experimental Section

3-Substituted indole (1; 0.20 mmol) and quinone monoimine (2;
0.30 mmol) were placed in a flame-dried vial equipped with
a magnetic stirring bar. Then 2 mL of CH;CN was added to dissolve
the mixture. The solution was cooled to 0°C. Afterwards the chiral
phosphoric acid (R)-PA8 (0.01 mmol, 5mol%) was added. The
reaction mixture was stirred at 0°C until no starting material was

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

detected by TLC. The solvent was evaporated and the residue was
subjected to chromatography (silica gel, petroleum ether/EtOAc
5:1—4:1) to afford the desired product 3.

Received: May 27, 2014
Revised: June 12, 2014
Published online: August 1, 2014

Keywords: asymmetric catalysis - enantioselectivity -
heterocycles - indoles - organocatalysis

[1] a) P. M. Dewick, Medicinal Natural Products: A Biosynthetic
Approach, 2ednd edWiley, New York, 2002; b) E. Fattorusso,
O. T. Scafati, Modern Alkaloids, Wiley-VCH, Weinheim, 2008;
¢) M. Lachia, C.J. Moody, Nat. Prod. Rep. 2008, 25, 227 -253.
For reviews, see: a) L. M. Repka, S. E. Reisman, J. Org. Chem.
2013, 78, 12314-12320; b) C. C.J. Loh, D. Enders, Angew.
Chem. 2012, 124,46 —-49; Angew. Chem. Int. Ed. 2012, 51,46-48;
c) D. Zhang, H. Song, Y. Qin, Acc. Chem. Res. 2011, 44, 447 —
457; d) J. Kim, M. Movassaghi, Chem. Soc. Rev. 2009, 38, 3035 -
3050; e) A. Steven, L. E. Overman, Angew. Chem. 2007, 119,
5584-5605; Angew. Chem. Int. Ed. 2007, 46, 5488 —5508.

For some recent examples, see: a) H. M. Nelson, S. H. Reisberg,
H. P. Shunatona, J. S. Patel, F. Dean Toste, Angew. Chem. 2014,
126, 5706-5709; Angew. Chem. Int. Ed. 2014, 53, 5600-5603;
b) M. C. Tong, X. Chen, J. Li, R. Huang, H. Y. Tao, C. J. Wang,
Angew. Chem. 2014, 126, 4768—-4772; Angew. Chem. Int. Ed.
2014, 53, 4680-4684; c) H. Li, R. P. Hughes, J. Wu, J. Am. Chem.
Soc. 2014, 136, 6288 -6296; d) H. Xiong, H. Xu, S. H. Liao, Z. W.
Xie, Y. Tang, J. Am. Chem. Soc. 2013, 135, 7851-7854; ¢) J. E.
Spangler, H. M. L. Davies, J. Am. Chem. Soc. 2013, 135, 6802—
6805; f) M. E. Kieffer, K. V. Chuang, S.E. Reisman, J. Am.
Chem. Soc. 2013, 135, 5557-5560; g) W. Q. Xie, G. D. Jiang, H.
Liu, J. D. Hu, X. X. Pan, H. Zhang, X. L. Wan, Y. S. Lai, D. W.
Ma, Angew. Chem. 2013, 125, 13162-13165; Angew. Chem. Int.
Ed. 2013, 52,12924-12927; h) A. Coste, J. Kim, T. C. Adams, M.
Movassaghi, Chem. Sci. 2013, 4, 3191-3197; i) G. C. Senadi,
W.P. Hu, S.S. K. Boominathan, J. J. Wang, Adv. Synth. Catal.
2013, 355, 3679-3693; j) Q. Wei, Y. Y. Wang, Y.L. Du, L. Z.
Gong, Beilstein J. Org. Chem. 2013, 9, 1559-1564; k) Z. H.
Zhang, J. C. Antilla, Angew. Chem. 2012, 124, 11948 -11952;
Angew. Chem. Int. Ed. 2012, 51, 11778-11782; 1)S. Zhu,
D. W. C. MacMillan, J. Am. Chem. Soc. 2012, 134, 10815-
10818; m) C. Liu, W. Zhang, L. X. Dai, S.L. You, Org. Lett.
2012, 74, 4525-4527; n) M. E. Kieffer, K. V. Chuang, S.E.
Reisman, Chem. Sci. 2012, 3, 3170-3174; o) Q. Cai, C. Liu,
X. W. Liang, S. L. You, Org. Lett. 2012, 14, 4588-4590; p) G.
Cera, M. Chiarucci, A. Mazzanti, M. Mancinelli, M. Bandini,
Org. Lett. 2012, 14, 1350-1353; q) C. Liu, W. Zhang, L. X. Dai,
S.L. You, Org. Biomol. Chem. 2012, 10, 7177-7183; r) O.
Lozano, G. Bessley, T. M. Del Campo, A. L. Thompson, G. T.
Giuffredi, M. Bettati, M. Walker, R. Borman, V. Gouverneur,
Angew. Chem. 2011, 123, 8255-8259; Angew. Chem. Int. Ed.
2011, 50, 8105-8109; s) G. Cera, P. Crispino, M. Monari, M.
Bandini, Chem. Commun. 2011, 47, 7803 —7805.

For selected recent examples, see: a) T. Ritter, E. M. Carreira,
Angew. Chem. 2002, 114, 2601-2606; Angew. Chem. Int. Ed.
2002, 41, 2489-2495; b) G.L. Wang, L.B. Shang, A. W.G.
Burgett, P. G. Harran, X. D. Wang, Proc. Natl. Acad. Sci. USA
2007, 104, 2068 -2073; c) N. S. Williams, A. W. G. Burgett, A. S.
Atkins, X. D. Wang, P. G. Harran, S. L. McKnight, Proc. Natl.
Acad. Sci. USA 2007, 104,2074-2079; d) J. Li, A. W. Burgett, L.
Esser, C. Amezscusa, P. G. Harran, Angew. Chem. 2001, 113,
4906-4909; Angew. Chem. Int. Ed. 2001, 40, 4770-4773; ) N.
Lindquist, W. Fenical, G. D. Vanduyne, J. Clardy, J. Am. Chem.
Soc. 1991, 113, 2303 -2304; f) C. M. Cheung, F. W. Goldberg, P.

2

—_—

3

—_

[4

—

Angew. Chem. 2014, 126, 10639—-10643


http://dx.doi.org/10.1039/b705663j
http://dx.doi.org/10.1021/jo4017953
http://dx.doi.org/10.1021/jo4017953
http://dx.doi.org/10.1002/ange.201107575
http://dx.doi.org/10.1002/ange.201107575
http://dx.doi.org/10.1002/anie.201107575
http://dx.doi.org/10.1021/ar200004w
http://dx.doi.org/10.1021/ar200004w
http://dx.doi.org/10.1039/b819925f
http://dx.doi.org/10.1039/b819925f
http://dx.doi.org/10.1002/ange.200700612
http://dx.doi.org/10.1002/ange.200700612
http://dx.doi.org/10.1002/anie.200700612
http://dx.doi.org/10.1002/ange.201310905
http://dx.doi.org/10.1002/ange.201310905
http://dx.doi.org/10.1002/anie.201310905
http://dx.doi.org/10.1002/ange.201400109
http://dx.doi.org/10.1002/anie.201400109
http://dx.doi.org/10.1002/anie.201400109
http://dx.doi.org/10.1021/ja412435b
http://dx.doi.org/10.1021/ja412435b
http://dx.doi.org/10.1021/ja4042127
http://dx.doi.org/10.1021/ja4025337
http://dx.doi.org/10.1021/ja4025337
http://dx.doi.org/10.1021/ja4023557
http://dx.doi.org/10.1021/ja4023557
http://dx.doi.org/10.1002/ange.201306774
http://dx.doi.org/10.1002/anie.201306774
http://dx.doi.org/10.1002/anie.201306774
http://dx.doi.org/10.1039/c3sc51150b
http://dx.doi.org/10.1002/adsc.201300760
http://dx.doi.org/10.1002/adsc.201300760
http://dx.doi.org/10.3762/bjoc.9.177
http://dx.doi.org/10.1002/ange.201203553
http://dx.doi.org/10.1002/anie.201203553
http://dx.doi.org/10.1021/ja305100g
http://dx.doi.org/10.1021/ja305100g
http://dx.doi.org/10.1021/ol301939w
http://dx.doi.org/10.1021/ol301939w
http://dx.doi.org/10.1039/c2sc20914d
http://dx.doi.org/10.1021/ol302043s
http://dx.doi.org/10.1021/ol300297t
http://dx.doi.org/10.1039/c2ob26139a
http://dx.doi.org/10.1002/ange.201103151
http://dx.doi.org/10.1002/anie.201103151
http://dx.doi.org/10.1002/anie.201103151
http://dx.doi.org/10.1039/c1cc12328a
http://dx.doi.org/10.1002/1521-3757(20020715)114:14%3C2601::AID-ANGE2601%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2489::AID-ANIE2489%3E3.0.CO;2-V
http://dx.doi.org/10.1002/1521-3773(20020715)41:14%3C2489::AID-ANIE2489%3E3.0.CO;2-V
http://dx.doi.org/10.1073/pnas.0610832104
http://dx.doi.org/10.1073/pnas.0610832104
http://dx.doi.org/10.1073/pnas.0611340104
http://dx.doi.org/10.1073/pnas.0611340104
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4906::AID-ANGE4906%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4906::AID-ANGE4906%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4770::AID-ANIE4770%3E3.0.CO;2-T
http://dx.doi.org/10.1021/ja00006a060
http://dx.doi.org/10.1021/ja00006a060
http://www.angewandte.de

[5

[6

Angew. Chem. 2014, 126, 10639-10643

|

—_

Magnus, C. J. Russell, R. Turnbull, V. Lynch, J. Am. Chem. Soc.
2007, 129, 12320-12327; g) K. C. Nicolaou, P. Bheema Rao, J.
Hao, M. V. Reddy, G. Rassias, X. Huang, D. Y.-K. Chen, S. A.
Snyder, Angew. Chem. 2003, 115,1795-1800; Angew. Chem. Int.
Ed. 2003, 42, 1753-1758; h) 1. D. Hills, G. C. Fu, Angew. Chem.
2003, 715, 4051-4054; Angew. Chem. Int. Ed. 2003, 42, 3921 -
3924;1) A. W. G. Burgett, Q. Y. Li, Q. Wei, P. G. Harran, Angew.
Chem. 2003, 115, 5111-5116; Angew. Chem. Int. Ed. 2003, 42,
4961-4966; j) T. Sawada, D. E. Fuerst, J. L. Wood, Tetrahedron
Lett. 2003, 44, 4919-4921; k) K. C. Nicolaou, M. Bella, D. Y. K.
Chen, X. H. Huang, T.T. Ling, S. A. Snyder, Angew. Chem.
2002, 1714, 3645-3649; Angew. Chem. Int. Ed. 2002, 41, 3495 -
3499.

a) Q. X. Wu, M. S. Crews, M. Draskovic, J. Sohn, T. A. Johnson,
K. Tenney, F. A. Valeriote, X. J. Yao, L. F. Bjeldanes, P. Crews,
Org. Lett. 2010, 12, 4458 -4461; b) J. C. Zhao, S. M. Yu, Y. Liu,
Z.J. Yao, Org. Lett. 2013, 15, 4300-4303.

a)S. Ghosh, L.K. Kinthada, S. Bhunia, A. Bisai, Chem.
Commun. 2012, 48, 10132-10134; b) R. Beaud, R. Guillot, C.
Kouklovsky, G. Vincent, Angew. Chem. 2012, 124, 12714-12718,;
Angew. Chem. Int. Ed. 2012, 51, 12546-12550; c) W. E. Noland,
F.J. Baude, J. Org. Chem. 1966, 31, 3321-3337; d) K. C. Joshi,
V. N. Pathak, R. Gupta, J. Fluorine Chem. 1988, 38, 153-161;
e) M. G. Corradini, C. Costantini, G. Prota, T. M. Schultz, Gazz.
Chim. Ital. 1989, 119, 153-156; f) J. C. Henrion, B. Jacquet, M.
Hocquaux, C. Lion, M. Hedayatullah, Bull. Soc. Chim. Belg.
1996, 105, 403-407; g) J. S. Yadav, B. V. S. Reddy, T. Swamy,
Tetrahedron Lett. 2003, 44,9121; h) C. Chan, C. Li, F. Zhang, S. J.
Danishefsky, Tetrahedron Lett. 2006, 47, 4839-4841; i) K. C.
Nicolaou, U. Majumder, S.P. Roche, D. Y.-K. Chen, Angew.
Chem. 2007, 119, 4799-4802; Angew. Chem. Int. Ed. 2007, 46,
4715-4718; j) K. C. Nicolaou, S. M. Dalby, S. L. Li, T. Suzuki,
D. Y. K. Chen, Angew. Chem. 2009, 121, 7752-7756; Angew.
Chem. Int. Ed. 2009, 48, 7616-7620; k) W. Tian, L. R. Chenna-
maneni, T. Suzuki, D. Y.-K. Chen, Eur. J. Org. Chem. 2011,
1027-1031; 1) R. R. Knowles, J. Carpenter, S. B. Blakey, A.
Kayano, I. K. Mangion, C.J. Sinz, D. W. C. MacMillan, Chem.
Sci. 2011, 2, 308 -311; m) J. F. Austin, S. G. Kim, C. J. Sinz, W. J.
Xiao, D. W. C. MacMillan, Proc. Natl. Acad. Sci. USA 2004, 101,
5482-5487; n) C. Shu, L. H. Liao, Y.J. Liao, X. Y. Hu, Y. H.

(7]

(8]

[9

—

[10]

Angewandte

Zhang, W. C. Yuan, X. M. Zhang, Eur. J. Org. Chem. 2014, 4467 —
4471.

a) K. L. Jensen, P. T. Franke, L. T. Nielsen, K. Daasbjerg, K. A.
Jgrgensen, Angew. Chem. 2010, 122, 133-137; Angew. Chem.
Int. Ed. 2010, 49, 129-133; b) L. Albrecht, C. V. Gémez, C. B.
Jacobsen, K. A. Jgrgensen, Org. Lett. 2013, 15,3010-3013; ¢) J.
Aleman, C. B. Jacobsen, K. Frisch, J. Overgaard, K. A. Jgrgen-
sen, Chem. Commun. 2008, 632—-634; d) J. Alemadn, S. Cabrera,
E. Maerten, J. Overgaard, K. A. Jgrgensen, Angew. Chem. 2007,
119, 5616-5619; Angew. Chem. Int. Ed. 2007, 46, 5520-5523;
e) J. Alemén, B. Richter, K. A. Jgrgensen, Angew. Chem. 2007,
119, 5611-5615; Angew. Chem. Int. Ed. 2007, 46, 5515-5519;
f) W. Y. Siau, W. J. Li, F. Xue, Q. Ren, M. H. Wu, S. F. Sun, H. B.
Guo, X. F. Jiang, J. Wang, Chem. Eur. J. 2012, 18, 9491 -9495;
2)J.S. Yu, FE. Zhou, Y. L. Liu, J. Zhou, Beilstein J. Org. Chem.
2012, 8, 1360-1365; h) Z. Y. Han, D. F. Chen, Y.Y. Wang, R.
Guo, P. S. Wang, C. Wang, L. Z. Gong, J. Am. Chem. Soc. 2012,
134, 6532-6535; i) C. Wang, X. H. Chen, S.M. Zhou, L.Z.
Gong, Chem. Commun. 2010, 46, 1275-1277; j) Y. H. Zhang,
X.Y. Hu, S.S. Li, Y.J. Liao, W.C. Yuan, X.M. Zhang,
Tetrahedron 2014, 70, 2020-2026.

For reviews, see: a) J. Yu, F. Shi, L. Z. Gong, Acc. Chem. Res.
2011, 44, 1156-1171; b) M. Terada, Synthesis 2010, 1929-1982;
¢) M. Terada, Bull. Chem. Soc. Jpn. 2010, 83, 101-119; d) M.
Terada, Chem. Commun. 2008, 4097-4112; e) T. Akiyama,
Chem. Rev. 2007, 107, 5744-5758; f) A. G. Doyle, E. N. Jacob-
sen, Chem. Rev. 2007, 107, 5714 -5743.

For selected recent examples, see: a) K. Mori, M. Wakazawa, T.
Akiyama, Chem. Sci. 2014, 5, 1799-1803; b) R. J. Phipps, K.
Hiramatsu, F. D. Toste, J. Am. Chem. Soc. 2012, 134, 8376 -8379;
¢) T. Honjo, R. J. Phipps, V. Rauniyar, F. D. Toste, Angew. Chem.
2012, 724, 9822-9826; Angew. Chem. Int. Ed. 2012, 51, 9684 —
9688; d) H. Qiu, D. Zhang, S. Y. Liu, L. Qiu, J. Zhou, Y. Qian,
C.W. Zhai, W. H. Hu, Acta Chim. Sin. 2012, 70, 2484 —2488;
e) G. Dagousset, P. Retailleau, G. Masson, J. Zhu, Chem. Eur. J.
2012, 18, 5869 -5873; ) G. Dagousset, J. Zhu, G. Masson, J. Am.
Chem. Soc. 2011, 133, 14804 — 14813.

CCDC 1002543 (3b) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

Chemie

10643


http://dx.doi.org/10.1021/ja0744448
http://dx.doi.org/10.1021/ja0744448
http://dx.doi.org/10.1002/ange.200351112
http://dx.doi.org/10.1002/anie.200351112
http://dx.doi.org/10.1002/anie.200351112
http://dx.doi.org/10.1002/ange.200351666
http://dx.doi.org/10.1002/ange.200351666
http://dx.doi.org/10.1002/anie.200351666
http://dx.doi.org/10.1002/anie.200351666
http://dx.doi.org/10.1002/ange.200352577
http://dx.doi.org/10.1002/ange.200352577
http://dx.doi.org/10.1002/anie.200352577
http://dx.doi.org/10.1002/anie.200352577
http://dx.doi.org/10.1016/S0040-4039(03)01038-4
http://dx.doi.org/10.1016/S0040-4039(03)01038-4
http://dx.doi.org/10.1002/1521-3757(20020916)114:18%3C3645::AID-ANGE3645%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20020916)114:18%3C3645::AID-ANGE3645%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3495::AID-ANIE3495%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3773(20020916)41:18%3C3495::AID-ANIE3495%3E3.0.CO;2-7
http://dx.doi.org/10.1021/ol101396n
http://dx.doi.org/10.1021/ol4015706
http://dx.doi.org/10.1039/c2cc35283d
http://dx.doi.org/10.1039/c2cc35283d
http://dx.doi.org/10.1002/ange.201206611
http://dx.doi.org/10.1002/anie.201206611
http://dx.doi.org/10.1021/jo01348a051
http://dx.doi.org/10.1016/S0022-1139(00)83024-9
http://dx.doi.org/10.1016/j.tetlet.2003.10.041
http://dx.doi.org/10.1016/j.tetlet.2006.05.041
http://dx.doi.org/10.1002/ange.200701947
http://dx.doi.org/10.1002/ange.200701947
http://dx.doi.org/10.1002/anie.200701947
http://dx.doi.org/10.1002/anie.200701947
http://dx.doi.org/10.1002/ange.200904588
http://dx.doi.org/10.1002/anie.200904588
http://dx.doi.org/10.1002/anie.200904588
http://dx.doi.org/10.1002/ejoc.201001629
http://dx.doi.org/10.1002/ejoc.201001629
http://dx.doi.org/10.1039/c0sc00577k
http://dx.doi.org/10.1039/c0sc00577k
http://dx.doi.org/10.1073/pnas.0308177101
http://dx.doi.org/10.1073/pnas.0308177101
http://dx.doi.org/10.1002/ange.200904754
http://dx.doi.org/10.1002/anie.200904754
http://dx.doi.org/10.1002/anie.200904754
http://dx.doi.org/10.1021/ol401204a
http://dx.doi.org/10.1039/b716485h
http://dx.doi.org/10.1002/ange.200701207
http://dx.doi.org/10.1002/ange.200701207
http://dx.doi.org/10.1002/anie.200701207
http://dx.doi.org/10.1002/ange.200701009
http://dx.doi.org/10.1002/ange.200701009
http://dx.doi.org/10.1002/anie.200701009
http://dx.doi.org/10.1002/chem.201200206
http://dx.doi.org/10.3762/bjoc.8.157
http://dx.doi.org/10.3762/bjoc.8.157
http://dx.doi.org/10.1021/ja3007148
http://dx.doi.org/10.1021/ja3007148
http://dx.doi.org/10.1039/b917246g
http://dx.doi.org/10.1016/j.tet.2014.01.067
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1021/ar2000343
http://dx.doi.org/10.1055/s-0029-1218801
http://dx.doi.org/10.1246/bcsj.20090268
http://dx.doi.org/10.1039/b807577h
http://dx.doi.org/10.1021/cr068374j
http://dx.doi.org/10.1039/c3sc53542h
http://dx.doi.org/10.1021/ja303959p
http://dx.doi.org/10.1002/ange.201205383
http://dx.doi.org/10.1002/ange.201205383
http://dx.doi.org/10.1002/anie.201205383
http://dx.doi.org/10.1002/anie.201205383
http://dx.doi.org/10.1002/chem.201200523
http://dx.doi.org/10.1002/chem.201200523
http://dx.doi.org/10.1021/ja205891m
http://dx.doi.org/10.1021/ja205891m
http://www.angewandte.de

